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Abstract

The biocompatibility of implanted materials and devices is governed by the conformation,
orientation, and composition of the layer of proteins that adsorb to the surface of the material
immediately upon implantation, so an understanding of this adsorbed protein layer is essential to the
rigorous and methodical design of implant materials. In this study, novel molecular dynamics
techniques were employed in order to determine the change in free energy for the adsorption of a
solvated nine-residue peptide (GGGG-K-GGGGQG) to a crystalline polylactide surface in an effort to
elucidate the fundamental mechanisms that govern protein adsorption. This system, like many others,
involves two distinct types of sampling problems: a spatial sampling problem, which arises due to
entropic effects creating barriers in the free energy profile, and a conformational sampling problem,
which occurs due to barriers in the potential energy landscape. In a two-step process that addresses
each sampling problem in turn, the technique of biased replica exchange molecular dynamics was
refined and applied in order to overcome these sampling problems and, using the information
available at the atomic level of detail afforded by molecular simulation, both quantify and
characterize the interactions between the peptide and a relevant biomaterial surface. The results from
these simulations predict a fairly strong adsorption response with an adsorption free energy of -2.5
+ 0.6 kcal/mol (mean £95% confidence interval), with adsorption primarily due to hydrophobic
interactions between the nonpolar groups of the peptide and the PLA surface. As part of a larger and
ongoing effort involving both simulation and experimental investigations, this work contributes to
the goal of transforming the engineering of biomaterials from one dominated by trial-and-error to
one which is guided by an atomic-level understanding of the interactions that occur at the tissue-
biomaterial interface.

1. Introduction

The biocompatibility of an implanted material is of critical importance in the biomaterials field
and determines the appropriateness of the material in a specific device for a specific application
with respect to biological response.1- The fact that the body responds to even chemically inert,
nonbiologically derived implanted materials reveals that there must be some mediator between
the biomaterials making up an implanted device and the cells contained in the surrounding
tissues and/or body fluids with which they come into contact. However, cells (such as those
that trigger an inflammatory response or mediate blood coagulation) do not have receptors that
would allow them to sense or react to most synthetic materials; thus, there must be some other
component of the system that mediates cellular response. This mediator is, of course, the layer
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of proteins that rapidly adsorb to an implanted material's surface, and it is the bioactive state
of this adsorbed protein layer that governs the subsequent cellular response.5:”

Therefore, if the bioactive state of the adsorbed layer of proteins can be controlled, then cellular
response should be able to be controlled and directed to obtain a desired biological response.
However, in order to control these interactions, one must first identify and understand them at
the molecular level. Without this level of understanding, implant design and cellular response
can only be approached by trial-and-error methods. Although much has been learned over the
past several decades of protein-adsorption research:8-11, the diversity of possible biomolecular
interactions has hamstrung efforts to develop comprehensive material design models that
would enable researchers to predict the required conformation, orientation, and organization
of biomaterial surface moieties necessary to achieve a desired bioactivity. New approaches to
understand and predict protein adsorption behavior at the molecular level are thus needed.

Over the past few decades, molecular simulation techniques have been developed and used to
investigate systems of biological interest, although most of these efforts have been concentrated
in areas outside of the biomaterials field, such as protein folding and drug design, rather than
protein-surface interactions. Because molecular simulation techniques provide detail at the
atomic level, they have the potential to provide insight into the mechanisms of protein-surface
interactions in a quantitative and predictive manner. As with their applications to address
problems in protein folding and drug design, before they can be used, molecular simulation
methods must be specifically developed and validated for application to the problem of
understanding and predicting protein adsorption behavior for the biomaterials field.

As part of our research group's efforts to develop molecular simulation methods for application
to the problem of protein adsorption, we have previously conducted both experimentall2:13
and simulation studies1415 to address the adsorption behavior of small non-structured peptides
on functionalized alkanethiol self-assembled monolayer surfaces (SAMs). While not
representing actual biomaterial surfaces that would be used in an implanted device, the
functional groups presented by the SAM surfaces (e.g., methyl, hydroxyl, carboxylic acid,
amine) are intended to serve as surrogates for the types of functional groups that are presented
by implant materials. In this present study, we have extended these methods for the first time
to simulate the adsorption behavior of a small peptide (G4-K-Gg4, using the standard single
letter amino acid codel®) on a polymer surface that is directly relevant to biomaterials
applications, namely poly(L-lactide) or PLA, using molecular dynamics (MD) simulations
with the CHARMM molecular simulation packagel” and force field18:19, Advanced sampling
methods have been developed and applied in these simulations to calculate the adsorption free
energy of the peptide on the PLA surface and to generate a Boltzmann-weighted ensemble of
states that represent the predicted preferred orientations of this peptide on this type of surface.
The results from these simulations predict a fairly strong adsorption response with an
adsorption free energy of -2.49 + 0.52 kcal/mol (mean, £ 95% confidence interval (Cl)), with
adsorption primarily due to hydrophobic interactions between the nonpolar groups of the
peptide and the PLA surface.

2. Model System

2.1. Computational Details

All systems were constructed and simulated using version ¢31b1 of the academic CHARMM
(Chemistry at HARvard Macromolecular Mechanics) program using the CHARMM force field
with CMAP correction!®. Replica exchange molecular dynamics (REMD) simulations were
coordinated using the MMTSB (Multiscale Modeling Tools for Structural Biology) tool set.
20 Both the CHARMM and MMTSB source codes were modified in order to add features
required to simulate our system.
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2.2. Peptide Models

For all simulations, a zwitterionic nine-residue peptide with a primary sequence of GGGG-K-
GGGG (G4-K-Gy4) was used, as shown in Figure 1. The side-chain amino group of lysine (K)
was represented in its protonated state (i.e., NH3*) to reflect its primary state in aqueous
solution at pH 7.4. In accordance with other simulationl415 and experimental12:13 work within
our group, the peptide represents a host-guest peptide model. In this model, the guest peptide
(K) possesses characteristics of specific interest in the simulation. The flanking glycine (G)
residues serve to prevent the development of secondary structure due to the nonchiral nature
of glycine and to separate the central lysine residue from the zwitterionic end groups of the
peptide, thus presenting lysine in a similar manner as it might be presented by an adsorbing
protein.

2.3. PLA Surfaces

As shown in Figure 2, the PLA surface for this adsorption study consists of 18 chains of PLA
arranged in three layers of 6 chains each. Periodic boundary conditions, with bonding between
real chains and image chains, means that the chains are effectively of infinite length. The
crystallographic structure of the PLA surface was taken from the WAXD data presented by
Sasaki et al.22 Crystalline PLA consists of an alternating pattern of parallel and anti-parallel
chains. The PLA surface was prepared by generating chains along the (012) plane, in which
the Miller indices represent chain counts rather than physical dimensions in order to adhere to
the integer convention (spacing between the centers of mass of adjacent chains in the same
layer is 6.156 A in the x-dimension and adjacent layers are separated by 5.332 A in the y-
dimension). The (012) plane was chosen because it presents a crystalline polymer surface with
the highest surface packing density (i.e., lowest surface free energy) to the solvated peptide,
consistent with the expected thermodynamically equilibrated structure.

PLA parameters?3:24 and residue topology descriptions that had been developed for the
GROMACS?°:26 implementation of the OPLS force field2’ were ported into the CHARMM
parameter and topology files. The OPLS and CHARMM force fields are both Class | force
fields28 with similar functional forms for bonded and non-bonded energy terms, so this
conversion consisted primarily of unit conversions and converting the Ryckaert-Bellemans
dihedral terms of the OPLS force field to an equivalent sum of periodic cosine terms in
CHARMM. In addition to their application in this work, these parameters have also been shown
to adequately represent the molecular weight dependency of the glass transition temperature
of PLA by Zhang et al.2?

2.4. Assembly of Peptide-Surface System

The combined simulation system was constructed stepwise, in the following manner. First, the
PLA surface was produced. Then, the water box was created by replicating and translating
copies of a box containing 216 TIP3P water molecules (3-site water model)18:30 into a three-
dimensional array of the approximate size and then trimming this conglomerate water box to
the appropriate size by deleting water molecules whose oxygen atom extended beyond the
desired nominal box size. The G4-K-Gy4 peptide was built with random ¢ and y angles (i.e.,
dihedral angles about the C,, carbon of the amino acid main-chain)!6 and translated within the
water box, positioning it at a designated height above the polymer layer. This height, or surface
separation distance (SSD), is a characteristic feature of all subsequent simulations, and is
rigorously defined as the distance between the center of mass of the peptide and the center of
mass of the top layer of polymer chains. Next, water molecules that overlapped or were in close
contact with the peptide or PLA surface were removed. Specifically, water molecules whose
oxygen atom was within 2.2 A of a heavy (non-hydrogen) atom were deleted. Finally, sodium
(Na*) and chloride (CI") ions were added to the system by randomly replacing water molecules
in order to approximate a 140-mM physiological saline solution while maintaining the specific
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gravity of the aqueous phase at a value of approximately 1.0. The finished system had
dimensions of 36.94 A x 66.00 A x 57.76 A. A model of the system immediately following
assembly is presented in Figure 2. Upon completion, the system energy was minimized using
the steepest descent algorithm with an initial step size of 0.02 A for 350 steps.

3. Methods
3.1. Simulation Strategy

The free energy of adsorption (AG,4s) Was selected as the best measure with which to
characterize and quantify the adsorption of the G4-K-G,4 peptide to the PLA surface.
Mathematically, equation 1 relates the adsorption free energy to the probability of observing
the peptide at a particular distance from the surface (SSD) based on the principles of statistical
mechanics and the probability ratio method.31:32

AG: P,
G; , or AG;=—k,Tln|—
T P

(e

(1)

where kg is Boltzmann's constant, T is the absolute temperature, and P; and P, are the
probability densities for the peptide being located at SSD; and SSD.., respectively. SSD,, is a
reference value chosen to represent the probability density for the peptide at a distance
sufficiently separated from the PLA surface such that it does not feel any effect from the surface
(i.e., representing bulk solution conditions); as shown in the results section, this situation occurs
when the SSD s greater than about 20 A from the surface.

Theoretically, Eqn. 1 provides a straightforward and easily implemented method by which to
calculate the change in free energy of adsorption for this system. One can “simply” perform a
molecular dynamics (MD) simulation over a suitable length of simulated time, partition the
SSD-coordinate space into defined increments (bins), analyze the trajectory to determine the
value of the SSD at some appropriate time interval and calculate the relative probabilities of
observing the peptide in each of the bins (i.e., at SSD;). In order to use the probability ratio
method, a finite (non-zero) estimate of P; must be obtained for each bin spanning the entire
SSD range of interest (approximately 3.5 — 30 A for this system), so the simulation duration
must be sufficient to sample each increment of SSD space a statistically valid number of times.

As shown by Raut et al.14, however, this becomes problematic for strongly adsorbing systems,
in which case a conventional MD simulation will tend to result in the peptide quickly adsorbing
tightly to the adsorbent surface and remaining in that position for the entire length of the
simulation. This creates a severe sampling problem for the system, which prevents values of
P; from being determined over the necessary range of SSD, thus making it impossible to
calculate relative adsorption free energy values using Egn. 1. This sampling problem is
illustrated for this present system in Figure 3, which is a plot of SSD versus simulation time
for the G4-K-G4 peptide over the PLA surface from a conventional MD run. As clearly shown
in this figure, the peptide adsorbs in close proximity to the surface within the first 0.5 ns of the
simulation and never escapes the surface to sample SSD space beyond 10 A for the duration
of the simulated time, 10 ns, which is a relatively lengthy simulation. The peptide is basically
“stuck” in a low-energy well close to the surface and does not adequately sample any of the
relatively high-energy (low-probability) region of space near SSD,, within this 10 ns of
simulation. Figure S.1 and Table S.1 in the Supplemental Information quantify the severity of
the SSD sampling problem using a simple Lennard-Jones 12-6 model to describe the interaction
between the adsorbed peptide and the surface.
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In order to overcome this type of sampling problem, a more sophisticated, advanced sampling
algorithm must be applied that will artificially force the system to sample over the entire SSD-
coordinate space and then allow the resulting “biased” probability distribution to be corrected
back to an unbiased distribution that can then be used to calculate AG; at each value of SSD;.
In fact, to properly calculate AG; for this system, not only must adequate sampling be achieved
over the entire SSD-coordinate space, but the simulation must also adequately sample the
conformational space of the peptide itself (e.g., sample over the ¢ - w dihedral rotations of each
amino acid residue of the peptide) at each value of SSD;. In order to achieve this level of
sampling, a two-step algorithm called “biased REMD”, which was previously developed by
our group!®, was further developed and applied to this peptide-PLA adsorption system.

Inthe first step of this advanced sampling method, a biasing potential in the form of the potential
of mean force (PMF)33:34 versus SSD is developed that is subsequently used in an REMD
simulation.1> This biasing potential is determined using a windowed umbrella sampling
technique3® with SSD as the reaction coordinate. By this method, a restraining potential is
added to the force field equation during an otherwise conventional MD simulation to force the
peptide to sample the molecular system around designated overlapping regions (i.e.,
“windows”) of SSD, which are incrementally set to span the full range of desired SSD-
coordinate space. For our case, this was accomplished by creating an assembly of 44
independent models of the peptide-PLA system with the peptide positioned at SSD values
ranging from 3.5 to 25.0 A in 0.5-A increments over the PLA surface. MD simulations were
then performed for each system with the position of the peptide restrained by an umbrella
potential of the form of

1
Vb= kunp (SSD(1) = SSDier )2, .

in which V;, is the biasing energy that is added to the force field equation to penalize the
peptide for moving away from the designated reference position (SSDf) during the simulation,
kump is the force (or spring) constant, and SSD(t) is the surface separation distance of the peptide
at time t during the MD simulation. Judicious choice of k,n enables adjacent windows to have
overlapping distributions of SSD sampling, which is important for reconstructing the unbiased
probability distribution over the full range of SSD-coordinate space from the combined results
of the simulations. For completeness, these distributions are presented in Figure S.2 of the
Supplemental Information. Accordingly, after the umbrella-biased MD simulations are
completed, the sampling obtained in each window is corrected to remove the effects of the
applied umbrella potential to get a relative probability distribution for the sampled region of
SSD space. These relative probability distributions are then combined to develop a complete
probability distribution profile over the full range of SSD by iterating the free energy shift for
each bin and the current best estimate of the unbiased probability until self-consistency is
obtained. An initial estimate of the PMF profile, which is equivalent to AG;, is then calculated

over the full range of SSD space using the Weighted Histogram Analysis Method (WHAM)
36,37

As noted above, an accurate calculation of AG; requires that adequate sampling be achieved

over both the SSD-coordinate space as well as the conformational space of the peptide itself.
The WHAM analysis from the windowed umbrella sampling method, however, only ensures
adequate sampling of SSD space, but not necessarily the conformational space of the peptide.
In fact, for a strongly interacting peptide-surface system (AG; less than about -2.5 kcal/mol),
the estimate of the PMF obtained from umbrella sampling simulations will underestimate the
true PMF (i.e., be less negative) because of inadequate sampling of the peptide itself during

these simulations. This can be expected to occur if sufficient sampling of some of the favorable
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(i.e., lower free energy) conformations of the peptide over the surface was kinetically
unfavorable during the umbrellasimulations. In order to sample these important conformations,
the replica exchange molecular dynamics (REMD) advanced sampling method was
applied38, which uses temperature to facilitate the crossing of activation energy barriers within
a molecular system to enable the conformational space of a system to be more thoroughly
sampled within a given simulated time.

In REMD simulations, multiple systems are simulated, not with a coordinated series of
sequentially increasing SSD values, but, rather, with a coordinated series of sequentially
increasing temperatures. During the simulation, these different systems (called replicas) are
allowed to swap temperature levels with adjacent replicas (those directly above or below it in
the temperature “ladder”) if their respective potential energies satisfy a Metropolis criterion
that is chosen such that canonical, Boltzmann sampling is maintained at each temperature level.
38 Accordingly, low-energy conformational states that are explored by the enhanced sampling
at elevated temperatures (where activation energy barriers are more rapidly crossed) are
exchanged down the temperature ladder to populate the baseline temperature level of interest,
while conformations trapped in relatively high energy states are exchanged up the temperature
ladder to the higher temperature levels where they can escape. Although conformational
sampling is significantly improved by this method, previous work by our group® has indicated
that the replica exchange technique alone is insufficient to overcome the SSD-sampling
problem for peptide-surface interactions. This is because REMD is useful for sampling states
with similar free energy values that are separated by relatively high activation energy barriers,
as in the case of peptide conformational sampling, but not for sampling states with relatively
large differences in free energy, as is the case for the SSD sampling problem.

To address this combined sampling problem, we performed a biased REMD simulation1®. The
bias is an additional potential energy term added to the force field of the MD simulation (similar
to the concept used for umbrella sampling), which is chosen to improve sampling of SSD space
by counteracting the free energy driving force that would otherwise tend to trap the peptide
near the PLA surface. Mathematically, the biased probability densities are related to the
unbiased probability densities as

AB,)

AB; ) ( (AGH’AB,’
=Xp\—f————
k, T

P; : PP
=—-exp|— , with —=—exp|+
P kBT kBT Pss P (3)

where 4B is the bias potential and P;j and P, represent the resulting biased probability densities
at SSDj and SSD.,, respectively. As is clearly shown in Eqn. 3, if 4B; was selected in a manner
to exactly counter the free energy profile (i.e., 4B; = —4G;), the biased probability ratio would
be equal to 1.0, thus representing a situation where the peptide is equally probable at every
position SSDj; thereby, eliminating the SSD sampling problem. It is not actually necessary to
exactly match the free energy profile, but only to approximate it to a sufficient degree to enable
the entire range of SSD-coordinate space to be sampled within a practical time frame. That is,
the bias potential should be within about 2 kgT (or about 1 kcal/mol for our simulations) of the
free energy profile, so that no barriers remain which cannot be crossed in a biased MD
simulation of reasonable duration. As shown in the right-most expression in Egn. 3, the
unbiased probability density distribution can then be readily retrieved from the biased
probability density distribution that is obtained during a simulation simply by multiplying it
by the exponential of the ratio of the applied biased energy function to kg T. Although not known
apriori, a good initial estimate of the biased energy profile is provided by the PMF profile that
is generated from the umbrella sampling simulations that are discussed above, and, as addressed
in the results section, this profile can be adapted to correct for further sampling problems that
might arise during the biased REMD simulations.
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For computational reasons, it is desirable to find a continuous and differentiable analytical
representation for the bias potential so that it can be directly included in the force field equation
that is used in an REMD simulation. Given the physical nature of the interactions that control
adsorption processes (i.e., Coulombic and van der Waals interactions, which can be represented
by a Lennard-Jones (LJ) 12-6 potential3?), and the general shape of the PMF versus SSD profile
obtained from the umbrella sampling simulations for this and other systems, a functional form
inspired by DLVO (Derjaguin, Landau, Verwey, and Overbeek) theory®40:41 was chosen to
be fit to the PMF profile data. Specifically, the following functional form for the bias energy
was applied:

C[ C2 C%
Vovo=— V= + + - +C
bvo™ " TET(SSD ~ Cs) ' (SSD - Cs)® (SSD-C5)12 @

where Vp yo represents an estimate of the free energy versus SSD profile, Vg is the biasing
energy function that will be added to the potential for the biased REMD simulation (e.g., Vg
= Bj in Egn. 3), and the C;'s are parameters. The first term on the right-hand side of Eqn. 4 is
recognizable as the Coulombic interaction, and the second and third terms represent,
respectively, the attractive and repulsive contribution of an LJ 12-6 potential. The constants
C,and Cs enable the function to be shifted along the free energy SSD axes, respectively, which
allows for greater flexibility in adjusting the fit, particularly near the minimum-energy (most
probable) region of the curve. Accordingly, the adjustable parameters in Eqn. 4 were
determined from the PMF profile obtained from the umbrella-sampling simulation by least-
squares regression, and the negative of this potential was then used as the initial guess for the
bias potential for subsequent biased REMD simulations. This combined sampling method
provides the capability to adequately sample over both the SSD-coordinate space and the
conformational space of the peptide during the same simulation to obtain an accurate
determination of the free energy versus SSD profile for the specified peptide-surface system.

As a final step to control sampling, it must be realized that the use of periodic boundary
conditions creates a situation where the bottom of the PLA surface interacts with atoms at the
top of the simulation cell. Thus, if not restrained, the peptide is just as likely to become trapped
at the top of the water box (i.e., adsorbed to the bottom of an image of the PLA surface) as it
is to adsorb to the upper surface of the primary PLA representation at the bottom of the
simulation cell. To prevent this from occurring, an additional term was included in the bias
potential, a one-sided harmonic (half-umbrella) potential, Vy4, in the form of

v _ | ke (SSD(1) = SSD/)?,  SSD(1)>SSDr
M0 SSD(#) < SSDr )

where SSD’ represents the SSD position where the bias potential begins to influence the
simulation and kyqf is the spring constant. By setting SSD’ to 30 A and k¢ to a large value
(1000 kcal mol-t A-2), this function effectively acts as a barrier to keep the peptide from
sampling the region of SSD space more distant than 30 A above the surface, preventing it from
adsorbing to the bottom surface of the PLA at an SSD value of approximately 50 A.

3.2. Simulation Details

Both umbrella sampling and REMD simulations employed the RATTLE (velocity SHAKE)

algorithm?2:43 to constrain bonds involving a hydrogen atom, allowing a 2-fs time step to be
used. Long-range non-bonded interactions were handled identically in all simulations; particle
mesh Ewald (PME) was used for electrostatics and van der Waals interactions were modeled
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using an LJ 12-6 potential with a group-based switching method (switching begins at 10 and
endsat 12 A). The SSD value and all energy terms were saved every 100 steps for later analysis.

Each of the 44 systems prepared for the umbrella sampling simulations was equilibrated in the
isothermal-isobaric (NPT) ensemble using the VV2 integrator (an implementation of the
velocity Verlet algorithm)*44° and Anderson-Hoover equations for temperature and pressure
control, with target temperature of 300 K and a thermostat time constant 0.1 ps, and a target
pressure of 1 atm and barostat time constant of 0.2 ps. Equilibration was carried out for 1 ns
of simulation time, during which the umbrella force constant was 2000 kcal mol™ A=2 in order
to strictly control the position of the peptide prior to beginning the production phase of umbrella
sampling simulations. The production phase was performed for 1 ns in the canonical (NVT)
ensemble with the VV2 integrator and the Nosé-Hoover equations#6:47 for temperature control
at a target temperature of 300 K and time constant of 0.1 ps. The umbrella force constant was
20 kcal mol™ A~2 during the production simulations.

The REMD simulations were performed with 24 replicas spanning a temperature range from
300 — 400 K. The temperature levels were selected according to a modified geometric
distribution, determined in a method similar to that suggested by the works of de Pablo8. For
24 replicas spanning a 100-K range, this adjustment did not change any temperature by more
than 1.25 K as compared to a standard geometric temperature distribution. The actual
temperature levels and resulting acceptance ratios are provided Table S.2 in the Supplemental
Information for this paper.

The REMD simulations were also performed in the canonical ensemble with a Nosé-Hoover
thermostat. However, in order to better maintain the crystalline structure of the PLA surface
at all temperatures, the surface was coupled independently to a 300-K temperature bath for all
replicas. The replicas were created with different nominal SSD values, evenly distributed
between 6 and 25 A in order to seed the simulated system and hasten the convergence of the
simulation. All replicas were generated by using steepest descent minimization to reposition
the peptide within the system that was used during the 15-A umbrella sampling window
simulation. These replicas were then arbitrarily assigned to different temperatures according
to the methods of the MMTSB tool kit. Equilibration (molecular dynamics with no attempted
exchanges) was performed for 100 exchange cycles prior to beginning the production run.
During both equilibration and production, replica exchanges were attempted every 500 time
steps (1-ps exchange cycles).

3.3. Analysis of Simulation Results

The biased REMD simulation provides a set of configurational states of the peptide over the
PLA surface, each with an associated SSD value. In order to translate this into a biased
probability density distribution (i.e., P;i/P..), the SSD range was divided into 0.5-A bins and
each sampled configurational state was assigned to the appropriate bin. The biased occupation
probability (A;) for each bin was then calculated as

f’ N+M
A=, sothatZA,-:l,
3 =T

i=1 (6)

where fj is the observed frequency of each bin (i.e., the quantity of SSD values that were

recorded in that 0.5-A range), and the sums are performed over all N + M bins, of which M of
them (in the range of 23 < SSD; < 30 A) are used in the evaluation of P, with the remaining
N bins composing the remainder of the SSD range that was examined. The normalized biased
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probability density (P;) was then calculated by dividing each occupation probability by its
respective bin width (w;), as

Pi==, with > Pw;=1.
i i=1 (7)

The probability density far from the surface, P, was defined from the average value of P; over
the range of 23 A < SSD; < 30 A. Once the biased probability density distribution was
determined, the unbiased probability distribution and the resulting distribution of 4Gi versus
SSD; were determined by Eqgns. 3 and 1, respectively.

While the AG;j versus SSD;j relationship provides a very interesting theoretical profile of how
the peptide is attracted to the surface as a function of its distance over the surface, experimental
studies to measure peptide adsorption behavior generally only provide a single scalar parameter
to characterize the adsorption behavior, namely the standard state adsorption free energy
(A4G%gs), With13

C,/C° .
AG%.=~RTn (L) = —RThn (C—)

Cp/C? Cp (8

where R is the ideal gas constant (used in place of kg here to provide units of energy/mole as
opposed to energy per molecule), and Cy, Cs, and CP represent concentrations of the peptide
in the bulk solution, adsorbed to the surface, and under ideal standard state conditions,
respectively. The standard state concentration cancels out of this equation, making 4G%qs
independent of the standard state of the system.

The concentration of a peptide in bulk solution (Cp) and at a surface (C) can be expressed as

N N
ZPooWi PmZW:‘
i=1

Cr="—= =P, and
N N
Zwi Zwl
i=1 i=1 (9a)
N N N
2Pwi wiYPi Y P
C.==! =l =l
N Nw; N
Wi
i=1 (9b)
Calculating the required ratio in Eqn. 8 yields
(&) [37)
P|/N (2P
Cs _\i=1 _\i=1
Cp P NP, (10)

Thus,
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AG?, . =—RTIn

ads ™

(11)

The choice of N in Egns. 9 — 11 is not arbitrary, but instead is integral to the definition of Cs.
Experimentally, the surface concentration (Cs) is related to the mass of the layer of adsorbed
peptide.13 To represent this in the simulations, we determine from the simulation results the
region of SSD over which the probability density of the peptide (P;) exceeds the value of the
probability density of the peptide in the bulk solution (P,). Then by summing up the probability
density over this range of SSD (i.e., ASSD) and dividing by N (with N = ASSD/w;), we calculate
the average probability density of the peptide in the adsorbed layer, which we use to represent
the surface concentration, Cg, in Eqn. 9b. Using these relationships, the biased probability
density distribution obtained from the simulations was translated into the unbiased probability
distribution using Eqn. 3. The unbiased probability density distribution was then used to
calculate an overall standard state adsorption free energy value from the simulation results
using Eqgn. 11, which should be directly comparable to experimentally determined values of
adsorption free energy for this peptide-surface system.

4. Results and Discussion

4.1. Umbrella Sampling Simulations

An estimate of the PMF obtained from subjecting the umbrella sampling simulation results to
WHAM analysis is presented in Figure 4. Also shown is the best-fit DLVO equation (Eqn. 4)
from least-squares regression analysis. Qualitatively, the results from the umbrella sampling
simulations were in accordance with expectations based upon similar experimental and
simulation work examining the G,4-K-G,4 peptide over hydrophobic SAM surfaces2. Also, as
Figure 4 indicates, the peptide has favorable interactions (high sampling probabilities) in the
SSD range from approximately 4 — 7 A.

4.2. Biased REMD Simulations

As indicated by Eqgn. 3, if the applied bias potential perfectly countered the underlying
adsorption free energy profile (i.e., 4B; = —4G;), uniform sampling over the entire SSD range
should be obtained. As clearly shown by Run 1 in Figure 5, the initial bias potential estimated
from the umbrella sampling simulations did not totally offset the underlying free energy profile,
allowing the peptide to continue its preferential sampling of the low-energy SSD range (SSD
values of 4 — 10 A), although the full range of SSD-coordinate space was still sampled during
the simulation. This behavior should be expected because of the relatively limited
conformational sampling of the peptide that is obtained by the umbrella sampling process at
300 K from which the bias potential was obtained. In an attempt to correct this problem, the
initial biased REMD simulation was discontinued after 7.4 ns, and a new biasing energy
function was obtained by least-squares regression analysis of the PMF versus SSD profile
obtained from this REMD simulation. With this new bias potential, which should better counter
the underlying free energy profile, a second biased REMD simulation was begun and allowed
to run for another 8.5 ns. As shown by Run 2 in Figure 5, this time the bias potential
overcompensated for the free energy of adsorption near the surface, which resulted in a situation
where the opposite sampling problem occurred; i.e., the low SSD region was now less densely
sampled than the high SSD region. Fortunately, the probability density distributions of these
two independent biased REMD runs covered the SSD space to a sufficient degree that the
biased probability density distributions from both of these simulations could be translated into
unbiased probability distributions using Eqgn. 3, as shown in Fig. 6.
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The unbiased probability density distributions from the two biased REMD simulations were
combined and Eqgn. 1 was then used to calculate the relative free energy versus SSD profile
over the full range of SSD as shown in Fig. 7. As shown in this figure, the depth of the potential
energy well predicted for this system is about 3.7 kcal/mol, which is about 6 kgT for our 300
K simulations. Given this condition, it is not surprising that a conventional MD simulation of
this system results in a serious sampling problem with the peptide being trapped at the surface
(see Fig. 3), thus requiring advanced sampling methods to be applied to enable the adsorption
free energy to be determined.

Referring back to Eqns. 9 — 11, in order to calculate 4G°,45 for our system, we need to first
identify the SSD locations that define the beginning and the end of adsorbed layer of peptide.
Referring to the unbiased probability distributions shown in Fig. 6, the adsorbed layer is clearly
seen to begin at a value of SSD in the range of about 4 to 5 A. The end of the adsorbed layer,
on the other hand, is not so easily recognized from this figure. However, the free energy plot
shown in Fig. 7 indicates that the adsorbed layer can be considered to stop at an SSD value of
about 23 A. Based on these values and the data plotted in Fig. 6, Eqn. 11 was used to calculate
an overall standard state adsorption free energy of 4G®,4s =—2.5 + 0.6 kcal/mol (mean + 95%
CI). While the selection of the parameter “N” can only be made by inspection of the simulation
results (within the constraints of the physical dimensions of the system), it should be noted that
the value of 4G®,q; is actually fairly insensitive to this parameter because of the natural log
functional form of Egn. 11 and, as clearly shown in Fig. 6, the probability density is highly
concentrated between the SSD region from 4 — 15 A with relatively little contribution over the
range of SSD from 15 A and greater. Analysis of the influence of this parameter shows that
the value of 41G°,4s changes less than 0.2 kcal/mol for values of N corresponding to +5 A about
the selected location of the SSD value that corresponds to P, (23 A), thus providing confidence
in the robustness of this method for calculating an adsorption free energy.

Although experimental data are not available for direct comparison with this calculated value,
AGP,4s has been experimentally measured for the adsorption of similarly sized host-guest
peptides with a sequence of TGTG-X-GTGT on CH3- and OH-functionalized alkanethiol self-
assembled monolayer (SAM) surfaces, with the guest (X) amino acid represented by nonpolar
valine (X=V), negatively charged aspartic acid (X=D), and threonine (X=T), with mixed
nonpolar and polar functional groups.13 Based on water contact angle (CA) measurements (CA
=110° and 16° for CHg- and OH-SAMS, respectively)!3, these two surfaces should generally
be expected to be more strongly adsorbing and more weakly adsorbing, respectively, compared
to PLA (CA = 77°)49:50, The experimental results for 4G°,4 from these studies ranged from
-4.4 to -2.8 kcal/mol for the CH3-SAM surface and approximately 0.0 kcal/mol for the OH-
SAM surface. Based on these results, our calculated value for the adsorption of a G4-K-G4
peptide on a PLA surface appears to be quite reasonable.

4.3. Peptide Conformational Behavior

In addition to providing a method to generate a profile of AG; versus SSD and to calculate an
overall value of 4G°, for comparison with experimental values, the simulation results are
extremely useful in providing a theoretical assessment of the conformational behavior of the
peptide as it interacts with the surface when adsorbing.

The conformational behavior of the peptide itself is best characterized by looking at
Ramachandran plots16:°1 of the ¢, i dihedral angles of the backbone chain of the amino acid
residues making up the peptide. Figure 8 presents Ramachandran plots for the lysine residue
obtained from the biased REMD simulations (Fig. 8b) in comparison to the Ramachandran
plot for the 4,153 lysine residues from the 500-structure, high-resolution database of Lovell et
al. (Fig. 8a),%2 which serves to characterize the typical conformational behavior of this amino
acid when part of a protein. In Figure 8a, the cluster of points in the lower left quadrant
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represents the conformation adopted by residues in a right-handed a-helix, those points in the
upper right a left-handed a-helix, and those points in the upper left represent a 3-strand
conformation.1® In comparison, the biased REMD simulations show that all three of these
regions were conformationally sampled during the simulations, with an obvious weighting of
the right-handed a-helix and B-strand conformations. To assess whether or not the use of
REMD was really necessary to address the presumed peptide conformational sampling in
addition to using the initial biased energy function to address the SSD sampling problem, two
separate simulations were also conducted using the biased energy function within a
conventional MD simulation (i.e., not REMD). Plots of SSD versus simulation time confirm
that the SSD sampling problem has been overcome by the application of the bias potential, and
appear in Figure S.3 in the Supplemental Information. One of these simulations was started
with the peptide in a B-strand conformation and the other was started in a right-handed a-helix
conformation. The conformational sampling results of these two simulations are presented in
the Ramachandran plots shown in Figs. 8c and 8d, respectively. As clearly shown from these
simulations, in each case the peptide was trapped in its local conformational basin, thus,
representing a conformational sampling problem that would translate into an error in the
calculation of 4G versus SSD and AG®,qs. Similar behavior was found for the glycine residues.
This conformational trapping was also observed for the umbrella simulations in all windows
and is the reason why the final free energy profile from the biased REMD simulations resulted
in a deeper energy well (Fig. 7) than was provided by the umbrella sampling simulation results

(Fig.4).

Previously, the adsorption of the G4-K-G4 peptide to the PLA surface has been discussed in
the context of hydrophabic interactions. In addition to quantifying the strength of these
interactions, it is instructive to use the information available from biased REMD simulation to
analyze the nature of these interactions at the atomic level. When the peptide is interacting with
the surface most strongly (i.e., it is adsorbed), the residues that provide the greatest contribution
to adsorption are the N-terminal glycine residue and the 3 glycine residues between the N-
terminus and the lysine residue. This can be observed by examining the trajectory directly, and
may also be seen in Figure 9, which plots the average SSD of each individual residue (defined
analogously to the overall SSD previously used) obtained from structures having an SSD value
that lies within 0.5 A of the approximate minimum energy SSD value of 6.5 A for each of the
independent REMD simulations. Also presented in Figure 9 is the SSD value calculated for
the heavy (non-hydrogen) atom that is closest to the surface. When examined in this manner,
the peptide appears to adopt a type of “w” shape, with the interior glycine residues interacting
the most closely with the PLA surface, while the charged residues tend to interact less strongly,
or at a greater distance.

Figure 10 provides a “snapshot” from the ensemble of states generated during biased REMD
simulation in order to better visualize the interactions between functional groups that are
responsible for the adsorption behavior of the G4-K-G4 peptide over the PLA surface. This
snapshot was selected because it is the one most like the average structure presented in Fig. 9,
as determined by least-squares error analysis. Figure 10a is entirely analogous to Fig. 2, but
after approximately 0.5 ns of REMD simulation time. Figures 10b and 10c contain close up
views of the entire peptide and the guest residue (K), respectively, for easier examination.

The N-terminal glycine residue (G1) tends to behave, not merely as a generically hydrophobic
residue (like residues G2, G3, G4, G6, G7, and G8), but rather in one of two distinct modes.
In the first mode, the positively charged amine group remains solvated, which prevents it from
closely associating with the surface. In the second, the same amine group manages to (usually
briefly) penetrate the hydrophobic methyl groups of the PLA and form hydrogen bonds with
the oxygen atoms in the interior of each polymer chain; thus, interacting directly with the
surface.
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It can be seen that the negatively charged C-terminus tends to remain solvated, with an average
residue SSD approximately 2.4 A greater than that of the peptide as a whole (this distance is
significantly greater than zero, with p < 0.05). This effect is strong enough that it is able to pull
the glycine residues on its end (residues G6, G7, and G8) away from the surface, when
compared to the corresponding residues on the opposite end of the peptide (residues G2, G3,
and G4) as evidenced by a difference of 2.3 A in the average SSD value for each group (the
difference between the average of residues 2, 3, and 4 and the average of residues 6, 7, and 8
is significantly different from zero, with p < 0.05). The behavior of the lysine residue (K5 in
Fig. 9) also contributes to this asymmetry. On average, the lysine residue is at a slightly larger
SSD value than its flanking non-charged glycine residues, as might be expected due to its
slightly greater hydrophilicity. The lysine residue is both long and flexible enough, however,
that it can sometimes be observed to act like two distinct residues, one containing the
hydrophobic methylene units and the other the hydrophilic amine group. Figure 9 reveals that
the lysine residue exhibits nearly twice the separation distance between the residue SSD and
the closest-atom SSD when compared to the other residues. Of course, some fraction of this
difference can be explained simply by the residue’s larger size.

In order to better assess the behavior of the lysine residue when the peptide is in its adsorbed
state, the orientation of its side group was examined. By defining a vector beginning at the
lysine residue's alpha carbon and terminating at the nitrogen atom, the orientation could be
characterized by the polar angle (or zenith), 8, between the lysine vector and the vector normal
to the xz-plane (i.e., normal to the PLA surface). This angle has a value of 0° when the side
group is pointing upward and a value of 90° when the side group is laying flat on the surface.
Figure 11 presents the normalized probability density (NPD) distribution for the lysine side
chain as the average of the three REMD simulations. As part of the normalization procedure,
the NPD was divided by sin(6) in order to account for the different areas swept by the azimuthal
angle at each orientation. It is observed that the side chain adopts an orientation pointing toward
the vertical (6 < 45°) in approximately one third of all conformations, and adopts a more
horizontal orientation the remaining two thirds of the conformations when the peptide is
strongly adsorbed. Orientations with # values greater than or equal to 90° represent only 10%
of the sampled conformations, with values greater than 120° not being observed at all; they
are essentially forbidden by steric effects, since close interaction by the lysine residue prohibits
close contact by the other residues, excluding them from consideration in this set of tightly
bound conformations.

6. Conclusions

The stated objectives of this research were to develop and apply advanced sampling techniques
in order to examine the adsorption behavior of the G4-K-G4 peptide over a crystalline
polylactide surface using molecular dynamics techniques. This system, and others like it,
involves two distinct types of sampling problems: the SSD sampling problem, which arises
due to entropic effects creating barriers in the free energy profile, and the conformational
sampling problem, which occurs due to barriers in the potential energy landscape. Because
analysis of systems of this type via conventional MD simulation (e.g., Boltzmann-weighted
sampling) is inefficient and computationally prohibitive, the use of advanced sampling
techniques such as umbrella sampling and biased REMD must be applied. These advanced
techniques allow complex and computationally demanding systems to be examined within
practical time scales. However, the investigation of increasingly large and intricate systems
will be necessary in order to fully understand the manner in which the body responds to an
implanted biomaterial because of the high level of complexity of these systems.

The introduction of a more realistic polymer surface in this study represents a significant step
forward in the use of MD techniques to examine such systems. The results from the simulations
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presented in this study are part of a larger effort, involving much additional simulation and
experimental work. As more data are generated, new techniques are developed, and
computational power continues to increase, these efforts have substantial potential to realize
the goal of being able to proactively design implant surfaces to direct and control biological
response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Molecular model?! of the host-guest G4-K-G,4 peptide used in all simulations in this study. The
green ribbon represents the backbone, and the side chain pointing downward is from the guest
residue, lysine.
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Figure 3.

The trajectory of SSD states visited during a conventional MD simulation of the G4-K-G4
peptide over a crystalline PLA surface. The trajectory shows that the peptide is held tightly to
the surface, thus providing a serious sampling problem that prevents the use of Eqgn. 1 for the
calculation of adsorption free energy.
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Figure 4.
Potential of mean force (PMF; individual points) and best-fit DLVO function (solid line) for

the data obtained from WHAM analysis of the umbrella sampling simulations of the G4-K-
G4 peptide over a crystalline PLA surface.
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Figure 5.

Normalized probability density distributions from the two independent estimates obtained from
biased REMD simulations. Run 1 (—): bias potential based upon umbrella simulations; Run
2 (--): bias potential based upon results from Run 1.
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Figure 6.

Normalized unbiased probability density distributions from the two independent biased REMD
simulations. Run 1 (—): bias potential based on umbrella simulations; Run 2 (---): bias potential
based on results from Run 1.
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Figure 7.

Potential of mean force for the adsorption of the G4-K-G,4 peptide over a crystalline PLA
surface calculated as the average of the independent biased-REMD simulations. Error bars for
selected regions of the curve represent 95% confidence intervals, which were obtained by block
averaging the first 7.4 ns biased energy simulation run into two separate samples sets, with the
final 8.5 ns biased REMD simulation run providing a third sample set.

Langmuir. Author manuscript; available in PMC 2009 December 16.

30



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

O'Brien et al.

Page 23

180
120

60 |
5 0
[+

=60 |

-120 | : . ] -120 1

@) | (b)

-180 - PR - . 180 Lt . |

180 120 60 0 60 120 180 -180  -120 0 60 120 180

Phi () Phi ()

180 180

120 | 120

60 60
e ;e

-60 -60

-120 | { 120 |

(c) (d)

-180 -180

-180  -120  -60 0 80 120 180 180  -120 0 60 120 180

Phi (°) Phi (%)

Figure 8.

Ramachandran plots for (a) the 4153 lysine residues from the 500-structure, high-resolution
database of Lovell et al®2, for comparison with (b) biased REMD simulations, (c) and (d) two

independent biased MD simulations.
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Figure 9.

Average residue SSD (squares) and SSD of the heavy atom closest to the surface (circles) from
structures with an overall SSD value of 6 — 7 A, calculated from the biased REMD simulations.
Residue G1 is the N-terminus and G9 is the C-terminus. Error bars represent 95% confidence
intervals
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Figure 10.

Molecular model?! of the G4-K-G, peptide over a crystalline PLA surface in 140-mM TIP3P
saline solution following approximately 0.5 ns of REMD simulation, at a conformation that is
consistent with the depiction in Fig. 2. (a) Overview of the full system; (b) A close up view
rotated about the y axis demonstrating the adsorbed conformation; (c) A close up view of the
lysine residue (space-filling representation), with the peptide backbone presented as a ribbon
S0 as to not obscure the view of the guest residue.
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Figure 11.

Normalized probability density distribution for the lysine residue polar angle from structures
with an SSD value of 6 — 7 A, calculated from the independent biased REMD simulations.
Error bars represent the standard deviation (N = 3).
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